Selected fossil bison rib bones from the Hudson-Meng bonebed (early Holocene age) were studied in order to assess possible sources of isotopic variability along a north-south transect which spans large variations in paleotopography and resulting hydrological conditions. Analyses performed on the specimens included microscopic examination in thin-section, determination of 13 C values in collagen, and determination of 13 C and 18 O values in bone carbonate. Explanations for spatial trends in isotopic data centre around the effects of pre-burial topography upon deposition and preservation of skeletal samples, arguing for enhanced analysis and consideration to be given to site paleosurface characteristics during the selection of specimens for paleodietary and paleoclimate analysis. All enamel and bone carbonate data suggest a diet 13 C value between 19 and 20‰ for these early Holocene animals, while most collagen values predict dietary 13 C values ranging from 21 to 24·5‰. Two interpretations exist for the difference between the 13 C value of diet predicted from bone carbonate and the apparent 13 C value of the modern grass biomass available to grazers in a nearby location: first, that the grass biomass available to grazers in this area 9500  had a higher 13 C value; and second, that the bison diet consisted of a selective subset of species available in the environment.
Introduction

I
t is widely acknowledged that the isotopic composition of living bone records aspects of the whole animal's diet (DeNiro & Epstein, 1978; Tieszen & Detling, 1983) and that isotopic analysis of fossil bone can be used to reconstruct paleodietary patterns, provided that diagenetic processes have not interfered (DeNiro, 1987; DeNiro & Weiner, 1988) . At present, the exact relationship between diet and the oxygen isotope composition of bone is not known. Bone carbonate may form in equilibrium with water in the blood (Land, Lundelius & Valastro, 1980) and in turn, the isotopic composition of water in the blood has shown to be determined by the oxygen isotope composition of drinking water and, to a much lesser extent, by the oxygen isotope composition of the rest of the diet (Luz, Kolodny & Horowitz, 1984; D'Angela & Longinelli, 1990; Bryant & Froelich, 1995) . This suggests that the oxygen isotopic composition of bone may reflect the drinking water sources of the animal, although this specific relationship has not been shown for all animals.
One of the tenets of diet analysis via carbon isotopes in bone is the systematic relationship between photosynthetic pathway and the resultant stable isotope composition of carbon plants (Bender, 1968) . Specifically, the 13 C value of Rubisco-carboxylating enzyme (C 3 ) plants is less than that of PEP-carboxylase (C 4 ) plants (Smith & Epstein, 1971) , and this difference is transferred to the herbivore tissue, as discussed above. This dietary information is important because C 3 and C 4 species are not distributed randomly across the Great Plains (Tieszen, 1994) : temperature (either an effect of altitude or latitude) is the main factor in controlling the distribution of C 3 and C 4 species (Terri & Stowe, 1976; Tieszen et al., 1979) . From these Correspondence to: A. H. Jahren. E-mail: jahren@eas.gatech.edu observations, herbivore tissue 13 C should reflect the mixture of C 3 and C 4 species in the diet.
During archaeological and paleontological dietary analysis, it is customary that only a small number of bone specimens are sampled for isotopic analyses, relative to the total amount of bone excavated at the site. For this reason, it is important to assess the amount of variability in isotopic results that may stem from slightly differing burial environments. This study was designed to assess possible sources of isotopic variability through the selection of fossil bison rib bones along a north-south transect across the HudsonMeng bonebed, which spans large variations in paleotopography and resulting hydrological conditions. Analyses performed on the specimens included microscopic examination in thin-section, determination of 13 C values in collagen and determination of 13 C and
18 O values in bone carbonate.
The Site
The Hudson-Meng bonebed, located in Sioux County of northwestern Nebraska, contains the remains of at least 500 bison (cf. Bison antiquus) and 21 Paleoindian projectile points (Alberta points), a limited assemblage of other stone tools, and several debitage clusters (Agenbroad, 1978) , all deposited within a single paleosol, dated to the early Holocene (9500 ). Since 1991, a programme of excavation at the Hundson-Meng bonebed has been conducted as a cooperative project involving the Nebraska National Forest, Colorado State University, University of Wyoming, Chadron State College and the University of Nebraska at Lincoln. The immediate goals of this project are to gain information on the early Holocene paleoecology and archaeology of the area as it relates to the environment and cause of death of the bison (Todd, Rapson & Wandsnider, 1994) . Hudson-Meng is the largest early Holocene mass death of bison in North America, with dense accumulations of partially disarticulated bison skeletons covering an area of at least 1000 m 2 (Figure 1 ). The site was originally interpreted as being a secondary processing area adjacent to a Paleoindian bison kill, which used a suspected cliff for a ''buffalo jump'' (Agenbroad, 1978) . Geological trenching in the areas where a cliff was thought to have been indicate that, at the time the bison died, the bedrock precipice was mantled in a gently sloping soil, which now forms a distinctive paleosol containing the bonebed. Therefore, the scenario of bison running off a cliff to their deaths is no longer tenable. Instead, a series of taphonomic observations support an interpretation that the Hudson-Meng bonebed is the location where the animals died; there is no support for an interpretation that the deposit is a secondary butchering location (Todd & Rapson, 1991) . Although we can rule out death at another location with transport of selected portions to the areas excavated, there is still a good deal about the complex formational history of the site that needs to be resolved. We are not sure of the cause of bison mortality: analysis of tooth eruption and wear patterns supports an interpretation of a single, summer catastrophic death event, but it is unclear whether this event was the result of human predation or not. Regardless of the cause of death, it seems secure to assume that all the bones used in this analysis represent bones from a single herd of animals, all sharing the same diet prior to death.
In general, bone preservation at Hudson-Meng is excellent. Samples for this study were derived from two excavation areas in the central portions of the bonebed during 1995. The northernmost area (Figure 2(b) ) is an area that was initially excavated in the 1970s, mapped, recorded and then reburied (Agenbroad, 1978) . The second area is located 5 m south of the northernmost area, and was exposed for the first time in 1994 (Figure 2(a) ). At the end of the 1995 field season, 3 m square excavation units at the northwestern portion of this area were not completely excavated, hence they appear with much lower bone density in Figure 2 (a). These three excavation units also contain evidence of limited intensive burning following the onset of burial.
Methods
Field collection
A variety of observations were made during excavation: all clasts larger than 1 cm in maximum length have been documented in situ. Excavation is conducted by hand, with most work being done with bamboo hand tools. Up to 29 separate provenience (e.g. northing, easting, elevation, orientation of long axis, inclination of long axis, side upward) and descriptive (e.g. item class, item type/skeletal element, side, articulation or conjoin associations, maximum length) attributes are recorded for each bone, chipped stone, unmodified rock, sediment sample, etc., as it is uncovered. Locational and positional attributes of every bone fragment from the site, including those included in this analysis are recorded before the specimen is removed from the ground. Beginning in 1992, three-dimensional grid coordinates of all items were recorded using an EDM total station, and by 1995 three total stations were in constant use. Over 50,000 individual items have been recorded using the location/ elevation format shown in Table 1 . These excavations have included areas within the central bonebed that were previously exposed and reburied in the 1970s, areas in the densest portions of the bonebed that had not been investigated before, and areas along the margins of the bonebed deposits.
Eleven adult-bison rib bones were selected for analysis based upon their location in the excavation transect (see Figure 3) . One modern bison rib bone was collected for reference from one adult animal that had died from natural causes within Fort Robinson State Park, Nebraska. Figure 3 presents the paleotopography determined by elevation position data (Table 1) of samples used in the study. The paleosurface consists of a gently sloping rise on the southern end of the sample grid, which grades to a slight depression at the northern end of the grid. The elevation difference between the high and low points is about 0·4 m. Collected bones were air-dried and then gently brushed in order to remove adhering sediment. In the laboratory, specimens were rinsed thoroughly in deionized water and allowed to air dry before further analysis.
Field characterization
During excavation, specimens were characterized as either ''complete'' or ''in fragments'' as an index of their coherence in place. Results of this characterization are listed in Table 2 for samples analyzed visually. None of the bones used in this study exhibited charred surfaces, or any other form of burning, animal or human modification.
Petrographic analysis
A subsample of each bone was impregnated under vacuum in Epo-tek 301-2 optically transparent epoxy, then thin-sectioned to a thickness of 30 m, according to standard petrographic techniques. Slides were then examined under a Nikon Optiphot-2 petrographic microscope with camera attachment.
Chemical analyses
Prior to all chemical analyses, a subsample of each bone sample was ground to <1 mm powder in an aluminum oxide mortar and pestle. Collagen was extracted from powdered bone in the manner described by DeNiro & Epstein (1981) and Schoeninger & DeNiro (1984) . In this method, 
Provenience values are relative to a (N1000, E1000, Z100) datum point defined on site. powdered bone is soaked in 1  HCl for 20 min at room temperature in order to remove inorganic acidand base-soluble organic fractions. The residue is then washed several times with de-ionized water, and then soaked in 0·125  NaOH for 20 h at room temperature. After washing in deionized water to neutrality, the residue is then immersed in 0·001  HCl at 90 C for 10 h. The resultant solution is then centrifuged, and settled particulates are washed several times with deionized water. This residue is finally lyophilized (freeze-dried) to produce collagen. Collagen samples were prepared for stable isotope analysis via combustion in sealed tubes containing Cu, CuO, and Ag (Minagawa, Winter & Kaplan, 1984) . The released CO 2 was purified cryogenically, and collected for 13 C/ 12 C measurement on a mass spectrometer.
Bone carbonate was isolated using the method described by Schoeninger & DeNiro (1982) and Sullivan & Krueger (1981) . In this method, powdered bone is soaked in 1  acetic acid under low vacuum for 2 days to remove normal carbonates, then rinsed thoroughly in deionized water. After rinsing, the residue is soaked in 5% sodium hypochlorite overnight to oxidize organic matter, and then rinsed and lyophilized.
Bone carbonate samples were prepared for stable isotope analysis by reaction in vessels containing 5-10 cc 100% phosphoric acid (McCrea, 1950) . Reaction times were all 24 h at 25 C in order for the reaction to come to completion. The resultant carbon dioxide was purified, measured manometrically, and collected for isotopic measurement on a mass spectrometer.
Measurement of stable isotope ratios was performed on a VG Prism stable isotope mass spectrometer at the Lawrence Berkeley National Laboratory.
All isotope values are reported in the delta notation: where the standard is VSMOW for R= 18 O/ 16 O, and the standard is VPDB for R= 13 C/ 12 C.
Results
Thin-section petrography results
Bone samples were examined in thin-section under the petrographic microscope in order to compare structures in the modern bone sample to structures apparent in fossil material (Figures 4-7) . The dominant structure found in modern bone are circular to oval-shaped, even-sized features known as Haversian canals, which serve as channels for blood vessels and nerves. Some . Photograph of bone sample M85-10-97 in thin-section, taken under the petrographic microscope. Haversian canals are visible, evenly spaced and uniformly circular. There is a slight darkening throughout. Scale: the short axis of the image=8·8 mm. Figure 6 . Photograph of bone sample M83-9-1241 in thin-section, taken under the petrographic microscope. Haversian canals are recognizable, but compaction and discolouration of features is common. Scale: the short axis of the image=8·8 mm. Figure 7 . Photograph of bone sample M83-6-864 in thin-section, taken under the petrographic microscope. Very few Haversian canals can be identified; all canals are sub-oval or compacted in shape, and greatly discolored. Scale: the short axis of the image=8·8 mm. elevation and ''low'' elevation positions along the transect yielded samples with variable levels of structural preservation, often with samples characterized as ''poor'' and ''good'' spacially adjacent. The coherence of the sample during excavation was strongly correlated with microscopic structural preservation, with complete samples exhibiting ''good'' structural preservation and samples excavated as fragments exhibiting uniformly ''poor'' microscopic structure. The 13 C values of the collagen portion in bone samples are reported in Table 1 and illustrated in Figure 8 . Three of the samples studied were not found to contain sufficient amounts of collagen required for isotopic analysis. These samples were M86-10-181, M86-4-86 and M83-6-864. Tieszen (1994) reported variable collagen yields from 4·1-12·0% by mass among 19 modern bison bones collected in Wind Cave National Park, South Dakota; therefore a lack of collagen material in some bones is observed in modern samples, and cannot immediately be attributed to diagenic removal.
The 13 C values of bone carbonate are illustrated in Figure 9 , and the 18 O values in Figure 10 . Values found in all stable isotope analyses are specified in Table 1 . Tieszen (1994) examined collagen from the bones of 19 bison from Wind Cave National Park in South Dakota, all living entirely on an unsupplemented diet. Bones were collected in situ upon natural death after 2 to 11 years of exposure. Carbon isotopic values showed small variation ( 0·2‰) with a mean value of 18·7‰. Regression analysis showed no relationship between 13 C of collagen and age at death, or gender of animal. These results imply a diet 13 C= 23·7‰, according to the model proposed by Krueger & Sullivan (1984) which describes an approximate 5‰ enrichment of 13 C in collagen over diet. The carbon isotopic composition of the grass biomass available to grazers between mid-June and early September was assessed to be 23·7‰ at Wind Cave National Park, South Dakota (Tieszen et al., 1988) . These results suggest low isotopic variability within collagen of modern bison herds, and good indication of mid-June to early September grazable biomass from collagen 13 C analysis. When considering this result in the context of Bison paleodiet, we acknowledge that the Wind Cave bison are severely constrained in the foraging activities and mobility by the park boundaries, and that the low variability might be, at least partially, a reflection of this constraint.
Discussion
Isotopic variability within a herd
Stable isotope analysis of Hudson-Meng bison bones
13 C values of collagen (Figure 8 ) range over 7‰.
18 O values measured in bone carbonate increase from south to north (Figure 10 ) and range over about 3‰. Bone (Figure 9 ). Possible explanations for these trends can be found if we consider the effects of topography upon the preservation of skeletal samples. First, it seems implausible that these ranges in isotopic value are the result of natural variability within bison populations because of the preceding discussion of observed low isotopic variability within modern herds (Tieszen, 1994) . A critical relationship in the data interpretation is the observation that the paleosurface is markedly depressed at the northern end of the transect, implying bone deposition and burial on lower ground. Paleosol observations suggest that the portion of lower paleosurface may have had enhanced water content or even waterlogging, relative to the rest of the site (J. C. Miller report, within Todd, Rapson & Wandsnider, 1994) . DeNiro (1985) has shown experimentally with modern samples that slight postmortem burning can change the 13 C value of collagen to lower values, and it is also thought that wet conditions can enhance the preservation of bone collagen by creating a reducing environment (Nelson et al., 1986) . Therefore, we might expect the most reliable collagen 13 C values to be gained from lower and wetter excavation locations, with other specimens becoming altered in 13 C value due to enhanced drying in the higher, more well-drained, positions which may also be subject to slight burning modifications.
One obvious possibility in mineral-phase diagenesis is the replacement of structurally bound ions with other ions in the environment. Such replacement often favours the incorporation of the heavy isotope into the altered material (Nelson et al., 1986) ; this process could account for the tendency of the 18 O value of bone carbonate to increase with a more northerly (wetter) position in the excavation grid as secondary replacing minerals are formed in isotopic equilibrium with evaporating soil water. In contrast to collagen 13 C, we might expect the most reliable bone carbonate
18 O values to be found in samples from southern, drier excavation locations, with other specimens more likely to be altered due to enhanced wetness in the depression. The pattern seen in bone carbonate 13 C values, where all but spatially extreme specimens have similar 13 C values, is more difficult to explain. There is, however, a positive correlation between the 13 C and 18 O values of bone carbonate (Figure 11 ). This suggests that 13 C in bone carbonate (like 18 O) is also susceptible to replacement, with similar effects. Therefore, at this location we might expect specimens with unaltered 18 O bone carbonate values to yield most unaltered 13 C values as well. It is interesting to note that the 13 C analysis of bone carbonate in these specimens yielded much more consistent results with less variability than 13 C analysis of collagen. Considerable debate has been dedicated to the use of bone carbonate as a paleodiet indicator in addition to, or in preference over, bone collagen ( Sullivan & Krueger, 1981; Schoeninger & DeNiro, 1982 ; two sets of replies, same authors). As Krueger (1965) noted, analysis of collagen in bone is not always practical due to its susceptibility to deterioration in some environments when compared to structural carbonate. An additional consideration is the fact that bone structural carbonate carbon and oxygen are ultimately derived from bicarbonate dissolved in the blood, precipitated over long periods of skeletal development, and are thought to be inert within the organism. In contrast, the carbon source for herbivore collagen is amino acids that were derived from digested carbohydrates (Krueger & Sullivan, 1984) . Herbivore collagen turns over slowly in the organism and is thought to represent the integrated signal of about one growing season. It is possible that the different dietary analysis that arises from structural carbonate carbon isotope values and collagen carbon isotope values is simply the difference between a long-term and single-season signal.
Comparison of stable isotope results with optical microscopy results
There is a correlation between the coherence of the specimen during excavation and its comparative state of preservation as determined by microscopy: the three ''poorest'' samples, as determined by microscopy, were also those excavated ''in fragments.'' Specimens from the centre of the excavation grid seem to have the lowest and poorest coherence and microscopic determinations, while we suggest that the reliability of the isotopic value is more likely determined by the influence of the paleotopography. This argues for enhanced analysis and consideration to be given to site paleosurface characteristics during the selection of specimens for paleodietary and paleoclimate analysis, even over more intuitive and tactile assessments of coherence or preservation state. As for the optimal number of specimens to be isotopically analysed in order to give a characteristic dietary analysis for a herd, our results indicate that 8 of the 11 specimens sampled showed very similar 13 C in bone carbonate values, and that this intensity of sampling was adequate to find an overwhelmingly central trend at this site.
Possible Dietary Interpretations of these Data
While the trends observed in isotopic variability in components across the site are explained above in terms of topographic effects, several paleodiet interpretations can be explored by examining the centre of each set of measurements. It has been suggested that during the incorporation of amino acids into herbivore collagen, protein is often in short supply, causing some amino acids to be synthesized directly from ingested carbohydrates. The result of this is the approximate 5‰ enrichment of 13 C in collagen over diet observed in herbivores (Krueger & Sullivan, 1984) . In a study involving 26 modern and fossil bones from Africa, North America and South America, Sullivan & Krueger (1981) found the 13 C of carbonate in bone hydroxyapatite to be about 8‰ greater than that of 13 C in collagen-derived bone gelatin. For this work, we have adopted the relationship 13 C carbonate = 13 C diet +13‰ ( Sullivan & Krueger, 1981) , which stems from the preceding argument. Figure 12 Figure 12. 13 C value of diet predicted from collagen 13 C () and bone carbonate 13 C () presented in relation to the sample position in the excavation grid. Values were obtained using the following relationships:
13 C collagen = 13 C diet +5‰ (Krueger & Sullivan, 1984 ) and 13 C carbonate = 13 C diet +13‰) (Sullivan & Krueger, 1981) . The bold black line is the dietary 13 C value (with ..) predicted from 28 teeth sampled across the Hudson-Meng bonebed.
grass biomass in a nearby location, between mid-June and early September, was assessed to be 23·7‰ (Tieszen et al., 1988) . Therefore it is possible that the grass biomass available to grazers in this area 9500 .. had a higher 13 C value, containing a larger %-mass of C 4 plant species. A greater C 4 biomass at 9500 .. might suggest a warmer, drier environment than the present. Alternatively, the Hudson-Meng bison may have been selectively grazing a diet with 13 C= 20‰ from an available grass biomass with 13 C= 23·7‰. This would mean that the bison were preferentially selecting a more C 4 plant-rich diet than was characteristic of the environment. These results also bear upon interpretations of bison mobility: in order to perform the selection above, and maintain a standard diet volume, bison migration and mobility patterns necessarily covered more land area when compared to modern bison. There is a striking pattern of increasing C 3 grass presence with an increase in latitude in the Great Plains (Terri & Stowe, 1976) . Perhaps the Hudson-Meng bison migration patterns included seasonal residence at more southerly latitudes, providing a greater input of C 4 plants to the diet. Another consideration is that the prediction yielded from collagen 13 C values represents less selective grazing behaviour for short biomass-building periods during the growing season and that the bone structural carbonate 13 C values represent longer-term, more selective, grazing behaviour.
It is thought that the range and predictability of bison migration patterns had a major effect upon the life strategy of the Great Plains Paleoindian (Kelly & Todd, 1988) . This research brings forward for consideration the Paleobison as an animal migrating across as much as several degrees of latitude (or more) in a lifetime; clearly there is also value in experimenting with expanded images of Paleoindian mobility, travel and resource acquisition.
